Abstract: Herein we report the covalent functionalization of multiwall carbon nanotubes by grafting sulfanilic acid and their dispersion into sulfonated poly (ether ether ketone). The nanocomposites were explored as an option for tuning the proton and electron conductivity, swelling, water and alcohol permeability aiming at nanostructured membranes and electrodes for application in alcohol or hydrogen fuel cells and other electrochemical devices. The nanocomposites were extensively characterized, by studying their physicochemical and electrochemical properties.
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They were processed as self-supporting films with high mechanical stability, proton conductivity of 4.47 × 10 -2 S/cm at 30 °C and 16.8 × 10 -2 S/cm at 80 °C and 100 % humidity level, electron conductivity much higher than for the plain polymer. The methanol permeability could be reduced to 1/20, keeping water permeability at reasonable values. The ratio of bound water also increases with increasing content of sulfonated filler, helping in keeping water in the polymer in conditions of low external humidity level.
Introduction
The development of materials with advanced nanostructure for energy application has been an issue of increasing relevance. Better carbon-based electrodes are needed for fuel cells [1] [2] , photocatalyzed water splitting, hydrogen pumps, batteries and other electrocatalytic devices [3] . The requirements for the bulk of fuel cell membranes are mainly high proton conduction, chemical stability and electron insulation [4] [5] [6] [7] [8] . However this is only the first step to reach high performance. The electrochemical reaction takes place in the membrane-electrodecatalyst layers and requires high proton and electron conductivity, effective access of reactants to the catalyst, excellent catalyst dispersion, as well as catalystpolyelectrolyte and polyelectrolyte-electrode adhesion to transport electrons in and out of the reaction site. This layer would profit from advanced nanostructured architectures containing different materials, which could be integrated to address this set of issues. Other emerging electrochemical applications like photocatalyzed water splitting need tuned mixed proton and electron conductivity.
Carbon nanotubes have become an attractive component of electrochemical devices due to (i) their ability of electron conduction, (ii) potentially high surface area, leading to high electrode-electrolyte contact area, (iii) the possibility of being used for catalyst dispersion and deposition and (iv) the high aspect ratio, leading to well directed 1 D conductive path. Perfect alignment can be easily obtained [1, 3] . Carbon nanotubes are also becoming less expensive, particularly the multiwall nanotubes.
For these and other reasons carbon nanotubes (CNTs) attract much attention as a new class of advanced ''filler'' materials with the possibility of employing them in emerging applications in nanoelectronics as well as other nanocomposite applications [9] [10] [11] .
We here focus more on fuel cell application, but the development could be easily extended to other electrochemical and/or separation applications. Electrodes based on carbon nanotubes are also under investigation for exciting applications as amperometric and bioelectrochemical sensors [12] , being quite convenient for direct guiding of electrons towards redox centers in catalytic molecules. Hydrogen fuel cells are those aimed for transport application and currently require materials for high temperature (around 130 o C) and low humidity operation. Alcohol fuel cells would be very advantageous for portable application if some technical drawbacks could be overcome to reduce Ohmic losses and enhance their efficiencies during operation [13] [14] [15] [16] . Up to now, perfluorosulfonic acid polymers such as Nafion® have been the reference membrane for fuel cell because of their high electrochemical properties as well as excellent chemical resistance [14, 17] . However, there is much interest in alternative polyelectrolyte membranes because of Nafion ® 's reduced performance above 80 °C and high cost. When considering alcohol fuel cells the alcohol crossover is also excessively high [17] [18] [19] [20] [21] [22] . Fluorine free materials with properties comparable to those of Nafion® are one of the directions in the development of cheaper polyelectrolytes. Membranes based on sulfonated aromatic polymers, irradiation graft polymers, cross-linked and blend polymers, were successfully proposed [23] [24] [25] [26] [27] . Sulfonated poly (ether ether ketones) (SPEEK) are a good example. However, to achieve acceptable conductivities, high degree of functionalization is required, which enhances the polymer swelling when hydrated [18, 28, 29] . This provokes a decrease in mechanical stability and an increase in alcohol crossover. Alternatively, organic-inorganic composite membranes have been prepared by adding inorganic functional entities, such as silica, titania, zirconia, zirconium phosphates, clays, zeolites and Pd metal, into the membranes to reduce methanol crossover in direct methanol fuel cells and to enhance mechanical strength [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Unfortunately, these composite membranes frequently decrease also the ion conductivity, since the inorganic fillers usually strongly interact with the sulfonic acid group, inhibiting the effective ion transport through membranes.
Functionalized composites of CNTs with Nafion ® have been reported and displayed a reduced methanol crossover, but suffer from poor proton conductivities [41] .
Moreover, the strong intrinsic van der Waals forces of CNTs as well as the lack of interfacial interactions between CNTs and Nafion ® limit the dispersion of CNTs at higher loadings in addition to the load transfer from the Nafion® matrix to the nanotubes. The potential advantages of using CNTs to improve the portfolio performance in polymer fuel cells have therefore not been fully realized, and it is important to enhance the interfacial interactions between the CNTs and polymers in order to obtain a homogeneous dispersion and thus also an enhancement of the properties of the composite membranes. Aromatic condensation polymers such as polyimide [42] [43] [44] and polybenzimidazole [45] , poly(arylene ether sulfone) [46] , with conjugated groups have been reported to be excellent for dispersing CNTs and enhancing the mechanical properties and were a good starting point for this work.
In this manuscript, for the first time we are reporting the successful development of SPEEK nanocomposites, by mixing the polymer with functionalized MWCNTs obtained by grafting of aromatic sulfonic acid groups.
Experimental Section

Materials
Poly (ether ether ketone) (PEEK) 450 PF powder form was purchased from In all experiment double distilled water was used. Non functionalized and carboxyl (COOH) functionalized multiwall carbon nanotubes were provided by Nanocyl.
Synthesis of organically functionalized MWCNT
The synthesis of sulfonic acid functionalized multiwalled carbon nanotubes (sulf-MWCNT) is shown in Figure 1 
Membrane preparation
Measurements and characterizations
NMR spectroscopy
1 H NMR spectra were carried out in DMSO on a Bruker 500 MHz spectrometer for the assessment of the interaction between sulf-MWCNT and SPEEK.
TGA, DSC, and DMA analysis
Thermal degradation and stability of the MWCNT, sulf-MWCNT, and membranes were investigated using a thermogravimetric analyzer (TGA) (Netzsch 
Microscopic characterizations
The membrane samples were fractured in liquid nitrogen, coated with Au/Pd by sputtering and investigated in FEI Quanta 200 field emission scanning electron microscope.
Water uptake and state of water
The uptake of water and water-methanol solution as well as the state of water in the membrane were measured according to procedure described in the supplementary information.
Pervaporation and methanol permeability
Pervaporation experiments were performed according to the procedure described elsewhere [48] , 
Proton and electron conductivity
Proton conductivity measurements for the composite membranes were carried out in water (after equilibration with 0.01M HCl for 24 h) using a potentiostat/ galvanostat frequency response analyzer (Auto Lab, Model PGSTAT 30). The membranes were sandwiched between two in-house made circular stainless steel electrodes (4.0 cm 2 ).
Within a frequency range of 10 6 to 1 Hz, sinusoidal alternating currents (AC) were supplied to the respective electrodes at a scanning rate of 1 A/s and sinusoidal potential response was measured. The spectrum of the blank short-circuited cell was also collected and this data was subtracted (as a series circuit) from each of the recorded spectra of the membranes to eliminate cell and wiring resistances and 
where L is the distance between the electrodes used to measure the potential, R is the resistance of the membrane, and A is the surface area of the membrane.
The electronic conductivity of the dry membranes with various amounts of CNTs was measured with four probes DC conductivity meter (Scientific Equipment & Services, Roorkee, India).
Result and discussion
Functionalization of MWCNT and membrane preparation
Sulfonic acid functionalized MWCNT was synthesized in two steps; in first step, carboxylic acid group was converted into acyl chloride group by refluxing with thionyl chloride under heated condition, and in the second step, the acylated 
Thermal stability and mechanical properties.
TGA was used to characterize the incorporation of sulf-MWCNT into SPEEK. the sulf-MWCNT content increases, it gives only small effect to thermal stability (TGA and DSC) whereas it improves mechanical stability significantly.
Microscopic characterizations
The morphology of the nanocomposite membranes fractured in liquid nitrogen was studied by field emission scanning electron microscopy. Figure 7 clearly shows how the adhesion between the carbon nanotubes and the SPEEK matrix is improved with the functionalization. The distribution of CNTs in the SPEEK matrix is quite uniform but in Fig. 7a the nanotubes are well detached from the matrix, while in the other membranes with functionalized fillers practically no cavities between filler an matrix are observed. [52] . A very dense structure is observed at higher contents of carbon nanotubes and this is reflected also in the permeation characteristics of the membrane, as seen below.
Uptake and dimensional stability in water and water-methanol mixture
The water uptake in a proton-conducting membrane is an important factor that directly affects proton transportation in proton-conducting membranes. Generally, it is believed that protons can be transported along with cationic mixtures such as Table 1 . It is worth noting that all the composite membranes have lower water uptakes than SPEEK. One might ascribe this lower water uptake to the lower IEC value (obtained as described in the supplementary information) of the composite membrane (Table 2) . However, Membranes with 5%
and 10% sulf-MWCNT loading have IEC values of 1.78 and 1.84 mequiv/g, respectively, which are close to, that of SPEEK. An explanation is that the adhesion between sulf-MWCNT and polymer is strong. SPEEK is confined between adjacent nanotubes, which hinder swelling. The number of water molecules per ionic sites was also calculated (Table 1) and decreased with increasing sulf-MWCNT concentration. This easy to understand, since by adding nanotubes the content of sulfonic functional groups increases due to the functionalization, but at the same time water uptake decreases.
Water-methanol uptake nature of the membranes was also studied and the related data are also compared in Table 1 . It was noticed that, the water-methanol uptake was much higher than that of the water uptake for all the membranes. However the uptake followed the same trends as was observed for water uptake.
The dimensional changes of all membranes were evaluated by measuring the total volume expansion ( v , %) at room temperature, as reported in Table 1 . Change in the dimensions due to swelling was found to be almost the same in all directions (isotropic swelling). v values decreased with increasing sulf-MWCNT content, due to the lower water uptake and to the formation of the robust scaffold that was produced by the incorporated sulf-MWCNT.
State of water and water retention capacity
Water sorption characteristics are of great importance for proton-conducting polymer membranes. According to the Eikerling's theory, PEMs posses two types of water:
bound water and the bulk water [53] . Bound water required for the solvation of the sulfonic acid groups, while bulk water fills the void volume. The states of water in sulfonated polymers directly affect the transportation of protons across the membranes. All the samples had a broad endothermic peak in the DSC. The freezable water peaks including free water were observed at 2.5 °C for plain SPEEK membrane. The membranes with sulf-MWCNT showed a slightly lower melting point due to the increasing percentage of bound water.
The weight fraction of free water (φ f ) in the fully hydrated membranes can be estimated from the total melting enthalpy (∆H m ) that is obtained by integration of the transition heat capacity (∆C P ) over the broad melting temperature interval in
where Q melting is the heat of fusion of bulk ice (334 J/g). The weight fraction of free water was converted into the number of free water molecules per ionic sites (λ f ).
The number of bound water per ionic sites (λ b ) was calculated by subtracting the λ f from the total number of water molecules per ionic sites λ w . Then the bound water degree (χ= λ b /λ w ) was calculated from the ratio of the number of bound water to the total water per ionic sites. Table 1 Table 1) . Rate of water desorption was reduced with the increase of CNT content. Thus, sulf-MWCNT acted as water binder in the membrane matrix. The free water in ionic membrane matrix becomes less mobile. Water being more bound to the hydrophilic domains becomes less susceptible to dehydration. Thus, sulf-MWCNT hinders water release and improves the water retention capacity even at higher temperature.
Pervaporation and methanol permeability
The water uptake and its interaction with the nanocomposite film have a direct influence on the permeability characteristics of the membrane. Table 1 .
The membrane permeability (P Water and P MeOH ) depends on the nature of the membrane forming material and on the operating conditions, such as temperature, feed composition, pressure etc. When carbon nanotubes are added to the membrane, they reduce the permeability both for methanol and water. However without functionalization the weak adhesion between polymer matrix and nanofillers give rise to cavities, which favor molecular diffusion. With the functionalization, the membranes void volume is reduced, leading to much slower diffusion of the penetrants and low permeability. P Water and P MeOH were both decreased with the increase of functionalized nanotubes. However the decrease of water permeability was much less evident compared to that of methanol. Although the diffusion is hindered by the nanotubes, water solubility is stimulated by the increase of concentration of hydrophilic sulfonic sites, as confirmed by IEC values discussed below. P W values were about 100 times higher than P MeOH. It is well known that separation characteristics of a membrane depend upon the interaction between species to be separated and membrane matrix. Hydrophilic membrane like functionalized SPEEK-sulf-MWCNT nanocomposite can develop hydrogen bond interaction with water leading to preferential sorption and permeation of water through the membrane [54] . Table 1 also summarized the selectivity of the water and methanol with the prepared membranes. α water/methanol for SPEEK was about 74, however for SPEEK-sulf-MWCNT-10, was about 602.
From these results it can be observed that SPEEK-sulf-MWCNT nanocomposite membranes are highly suitable for water-methanol dehydration as well as excellent candidates for the application in alcohol fuel cells.
IEC and proton conductivity
The IEC depends on the density of functional groups and is crucial for water uptake and proton conductivity. The IEC values (Table 2) The interaction between the functional groups of CNT and polymer provided effective hydrated ionic paths. As mentioned before the T m of water in composite membrane was slightly lower than that in SPEEK. This indicates that the interaction between water and composite membrane was stronger than that between water and SPEEK. The nanocomposite was capable of maintaining bound water as the temperature was raised, resulting in higher proton conductivity compared to that of SPEEK, particularly at high temperature. Also the ratio of bound water for the composite membranes was higher compared to that of SPEEK. This makes the material not only useful for alcohol fuel cell but also for hydrogen polymer fuel cell operating above 100 o C. The protonic transport occurs via a mixture of both Grotthuss-and vehicle-type conduction, where polyatomic molecules such as H 2n+1 O n + are the dominant charge carriers and play a role different from that in the Grotthuss-type mechanism.
Electron conductivity
The use of carbon nanotubes to add electron conductivity to polymer insulators is well known [55] and can be achieved with very small loading, as soon as the percolation threshold is overcome. Threshold as low as 0.002 vol. % have been reported for multi-wall nanotubes. At the threshold a conductivity jump is observed.
The conductivity values depend not only on the composition, but on the nanotube characteristics itself, like aspect ratio and surface functionalization, as well as on dispersion quality and alignment. Table 2 shows how electron conductivity changes with the addition of the sulfonated nanotubes developed in this paper. The addition of the non-functionalized carbon nanotubes led to a jump in conductivity. After functionalization the increase of conductivity relative to the pristine SPEEK was up to 17-fold, but this value is much lower than that obtained without the functionalization. The electrical property of CNT is known to be very dependent on structural changes caused by chemical treatment [56] . When sp 3 carbon bonds are formed the -conjugation responsible for high electron conductivity is partially disturbed. However water transport is necessary to avoid catalyst flooding as the fuel cell operation proceeds, producing water. Transport of water to other parts of the membrane can thus keep it humidified, retaining proton conductivity at a high level.
Conclusion
Protons must reach the reactive site and this is assured by high proton conductivity.
The electrochemical reaction can only take place on the catalyst surface if enough electron conductivity is present. An optimized alcohol fuel cell device might be therefore constituted by at least two layers: an electron insulating polymer layer of high proton conductivity and a layer with functionalized carbon nanotubes on the cathode side.
The development was possible by first grafting sulfonic acid groups on
MWCNTs and effectively dispersing them in proton conductive SPEEK matrix. The homogeneous dispersion occurred primarily via π-π and functional group interactions.
When considering hydrogen fuel cells operating above 100 o C and low external humidity, the increase of bound water at higher content of functionalized MWCNT is very advantageous.
The mechanical stability of the membrane is also increased with the introduction of functionalized MWCNT and swelling is reduced.
In summary by tuning the composition and functionalization of carbon nanotubes, the resulting nanocomposites with mixed electron and proton conductivity can useful not only as membrane-electrodes for fuel cell, but also for other emerging electrochemical applications such as hydrogen pumps, sensors and water splitting. 
